Intraoperative recording of myogenic motor potentials evoked by transcranial electrical stimulation (tcMEP) is a method of monitoring the integrity of the vulnerable motor pathways during thoracoabdominal aortic aneurysm (TAAA) surgery. Deflation of the left lung during TAAA surgery may result in impairment of arterial oxygenation. Ventilation with nitrous oxide may cause further desaturation. We studied the effects of 20%, 40% and 60% nitrous oxide in oxygen on within-patient variability and magnitude of tcMEP in response to six pulse transcranial electrical stimulation during fentanyl-low-dose propofol anaesthesia with partial neuromuscular block. Ten patients (two females; aged 63-74 yr) were studied. After achieving a stable anaesthetic state and before surgery, 10 tcMEP were recorded from the right tibialis anterior muscle during addition of 20%, 40% and 60% nitrous oxide in oxygen in random order. When ventilation with 40% or 60% nitrous oxide in oxygen was performed, there was 50-70% depression of tcMEP amplitude (PϽ0.05) and 40-60% reduction in tcMEP area under the curve (PϽ0.05) compared with 20% nitrous oxide in oxygen. There was no significant difference in the coefficients of variation for tcMEP between the three nitrous oxide anaesthetic regimens. Our results suggest that increasing doses of nitrous oxide reduce the MEP waveform to six pulse transcranial electrical stimulation, but even with 60% nitrous oxide in oxygen, the tcMEP were recordable and as reproducible as with 20% and 40% nitrous oxide regimens. The method is sufficiently robust for use in aortic surgery.
The high incidence of paraplegia (4% to more than 40% 1 2 ) after extensive type II post-dissection thoracoabdominal aortic aneurysm (TAAA) has stimulated interest in developing techniques for intraoperative monitoring of the spinal cord. Monitoring of motor evoked responses to transcranial electrical stimulation (tcMEP) may be useful in reflecting the functional integrity of the motor tracts. Benzodiazepines and propofol are known depressors of the MEP response. 3 4 As motor responses are considerably depressed by nitrous oxide, the anaesthetic regimen has to be constant to allow © British Journal of Anaesthesia reliable neurophysiological monitoring during aortic crossclamping. [5] [6] [7] [8] However, the use of one-lung ventilation during TAAA surgery and hypoxia may limit the use of nitrous oxide in the gas mixture during anaesthesia. This emphasizes the need for evaluation of a dose-response relationship between nitrous oxide and the MEP response. The need for neuromuscular block in this type of surgery also depresses the response. 9 10 The baseline tcMEP for anaesthesia-neuromuscular block has to be stable in order to minimize false positive changes during surgery. Spinal cord motor pathway monitoring, using a single or double pulse paradigm, has been described during nitrous oxideopioid anaesthesia 5 11 and propofol-opioid anaesthesia. 12 Multiple transcranial electrical stimulation may overcome the anaesthetic-induced depression of the muscle response.
In order to identify conditions for optimal spinal cord monitoring in patients during one-lung ventilation, we determined the influence of 20%, 40% and 60% nitrous oxide in oxygen during trains of six pulse transcranial electrical stimulation on muscle evoked responses in the presence of partial neuromuscular block and stable fentanyllow-dose propofol anaesthesia. Furthermore, we established in each individual the variability of the responses to different concentrations of nitrous oxide.
Patients and methods
After obtaining approval from the Institutional Ethics Committee and informed consent, we studied 10 patients (two females, aged 63-74 yr) undergoing surgery on the thoracoabdominal aorta. All patients were free from neuromuscular disorders and treated or untreated epilepsy.
Patients were premedicated with morphine 10 mg and haloperidol 5 mg i.m., 1 h before surgery. After venous cannulation of the right arm and cannulation of the right radial artery, anaesthesia was induced with diazepam 0.2-0.3 mg kg -1 , fentanyl 20-30 µg kg -1 and a lowdose propofol infusion, aiming at a plasma steady state concentration of 1 µg ml -1 . Tracheal intubation was performed using a left-sided double-lumen tube, after which the position of the tube was verified by fibreoptic bronchoscopy. If necessary, succinylcholine 20 mg was given i.v. to facilitate intubation. Controlled ventilation was adjusted to maintain normocapnia (end-tidal carbon dioxide partial pressure 4.0-4.5 kPa) and to administer 20%, 40% or 60% nitrous oxide in oxygen.
The order in which patients received each nitrous oxide concentration was randomized. After a few minutes of ventilation, the end-tidal concentration of nitrous oxide was equal to the inhaled concentration of nitrous oxide. At least 7.5 min were allowed to elapse between each anaesthetic regimen to saturate the spinal cord or cerebrum with nitrous oxide before measurements were recorded. A pulmonary artery catheter was floated into the pulmonary artery using the cannulated right internal jugular vein. A nasogastric tube, indwelling bladder catheter, rectal thermometer and muscle thermometer (right tibialis anterior muscle) were placed. The right-sided thenar eminence was used to monitor neuromuscular block. Before a neuromuscular blocking drug was given, the compound muscle action potential (CMAP) was obtained from the thenar eminence after supramaximal stimulation of the median nerve at the wrist using a general evoked response stimulator (SMP 3100, Nihon Kohden) triggered from a personal computer (PC).
An infusion of atracurium was used to maintain the first twitch (T1) of the TOF at 45-55% of control CMAP. The patient was positioned on a beanbag (Olympic Medical, Seattle, WA, USA) in the right lateral decubitus position and two intrathecal catheters were placed in the second and third lumbar intervertebral spaces. Spinal fluid drainage was continued throughout the procedure in order to maintain intrathecal pressure at less than 10 mm Hg. Routine anaesthetic monitoring for major vascular surgery was performed and stored every 30 s (Datex, Helsinki, Finland).
Stimulation
Anodal six pulse electrical stimulation took place at the vertex (Cz) with the cathode at the Fpz position (International 10-20 system for placement of EEG electrodes). 13 Before surgery, custom-made disc electrodes of a silver copper alloy with a diameter of 25 mm, filled with conduction paste, were attached to the skull. To improve electrode stability, gauze pads were fixed over the discs with collodium. Both disc electrodes were connected to a multipulse electrical stimulator D185 (Digitimer Ltd). The pulses in the train were spaced apart for 2 ms and the train was triggered from a PC every 1 min. The output voltage was set at 490 V and pulse duration was 50 µs. The study was performed before any surgical action was undertaken to avoid interference that might have resulted in impaired spinal cord functioning. After this initial period of measurement recording, lasting approximately 60 min, surgery proceeded as usual for total thoracoabdominal aortic replacement.
Processing
The myogenic potentials were recorded on a timebase of 150 ms, passing through a bandpass filter of 50-500 Hz and amplified 10000 times (Neurotop, Nihon Kohden). The signals were sampled at 1 kHz, digitized with a 12-bit A/D converter and displayed on a standard PC screen. Amplitude was measured as the voltage from the most negative component to the most positive component of the evoked electromyographic activity (tcMEP). Latency (ms) was measured as the time from the start of the six pulse train to the onset of electromyographic activity. Response duration (ms) was measured as the time from the onset to the end of electromyographic activity. Area under the curve (AUC; µV ms) of the tcMEP was also calculated.
Recording
TcMEP were recorded from the lower extremity at the right side of the body, that is the tibialis anterior muscle, because normally the right lower limb is perfused continuously using the left heart bypass. Standard silver-silver chloride disc electrodes filled with conducting paste were placed as above on the motor points of this muscle. In every phase, 10 tcMEP, each MEP elicited by a transcranial six pulse electrical train, were obtained. At least 1 min was allowed to elapse between each train of six pulses.
Statistical analysis
Onset latencies and response durations are presented as the mean of 10 consecutive responses in each phase. The amplitudes and AUC values during each phase are presented as mean and median of 10 consecutive responses in each phase. Mean and median values of the 10 means and 10 medians of the 10 patients were also derived. To estimate within-patient variability, we determined the coefficient of variation (cv; SD divided by mean) in percentages, of 10 consecutive responses in each phase. Mean and median values of the 10 cv values of the 10 patients were also noted. Intra-individually, there was a normal distribution in the measured MEP variables. Inter-individually, the onset latencies and response durations were normally distributed and there was a skewed distribution in MEP amplitudes and MEP AUC values.
Differences in onset latency, amplitude, AUC and response duration between the three nitrous oxide regimens, and to analyse within-patient variability, the coefficients of variation between the three nitrous oxide regimens were compared using the ANOVA test for repeated measurements in SPSS (Statistical Package for the Social Sciences, Inc, Chigago, IL, USA). This ANOVA provides point estimates with 95% confidence intervals. Knowing their non-Gaussian distribution, amplitudes, AUC values and coefficients of variation in each phase were also compared using the Friedman statistic. PϽ0.05 was considered significant.
Results
During the study period and during surgery, there were no neurological sequelae after six pulse transcranial electrical stimulation and no burn marks at the stimulation sites. During the recording period, all haemodynamic variables remained stable, with systolic arterial pressure maintained at 80-100 mm Hg and heart rate at 50-100 beat min -1 . There was no suspicion of awareness during the procedure and no patient experienced recall of intraoperative events.
Recordable and reproducible data were obtained in each phase. Figure 1 shows examples in one patient of the MEP waveforms to a six pulse electrical train of transcranial stimuli at the three nitrous oxide concentrations. The measured values and within-patient variability variables of the tcMEP of the right tibialis anterior muscle are given in Tables 1 and 2 . At any one stage in any one patient, there are minor variations in latency and response duration. Between patients, there was little variation in latency and response duration, but large inter-patient variability was observed for amplitude and AUC. The response elicited in patient No. 2 shows how large the variation in amplitude and AUC between patients can be. Figure 2 shows boxplots of tibialis anterior tcMEP amplitude and AUC during 20%, 40% and 60% nitrous oxide, respectively. Box plots of the coefficients of variation (in percentages) of the tcMEP amplitude and AUC are also shown. The Friedman statistics are given in Figure 2 . Table 3 shows the mean differences of the measured variables comparing 20% nitrous oxide with 40% nitrous oxide, 20% nitrous oxide with 60% nitrous oxide and 40% nitrous oxide with 60% nitrous oxide, using ANOVA test for repeated measurements. Compared with 20% nitrous oxide, there was a significantly longer (PϽ0.05) onset latency during 40% and 60% nitrous oxide regimens. Compared with 60% nitrous oxide, there was a statistically larger amplitude and AUC during the 40% and 20% nitrous oxide regimens. No statistically significant difference in response duration was detected between the three anaesthetic regimens. There was no significant difference in the coefficients of variation for tcMEP between the three nitrous oxide anaesthetic regimen (Table 3 , Fig. 2 ). In all three phases, median cv was 20-25%.
During the course of surgery, evoked responses were maintained and all patients awoke without neurological deficits in the ICU.
Discussion
We found that increasing concentrations of nitrous oxide reduced the tcMEP waveform to six pulse electrical transcranial stimulation. But even with 60% nitrous oxide, tcMEP were as reproducible as during 20% and 40% nitrous oxide. In all three phases, propofol (target-controlled infusion) was standardized. It is known that the effect of bolus infusion of diazepam and fentanyl is limited after 10-20 min and a stable MEP is observed. 4 Woodforth and colleagues questioned the value of spinal cord monitoring in humans during fentanyl and 70% nitrous oxide in oxygen anaesthesia, because they observed very low amplitudes (Ͻ50 µV). 14 The fact that they used single pulse stimulation is probably the reason for their findings. Our results showed a median amplitude of approximately 450 µV, even during 60% nitrous oxide. With single transcranial electrical stimulation during neurolept anaesthesia in rats, Zentner and Ebner demonstrated a dose-response relationship between the concentration of nitrous oxide (33%, 50% and 66%) and depression of MEP amplitude (Ϯ65%, Ϯ80% and Ϯ100%, respectively). 7 Jellinek and colleagues demonstrated that an inhaled nitrous oxide concentration of 50% caused a reduction in amplitude of 50.8Ϯ33% after single transcranial electrical stimulation in patients under propofol anaesthesia (8-10 mg kg -1 h -1 ) and controlled neuromuscular block. 6 Ubags 326 and colleagues described the effect of 50% nitrous oxide administered concurrently with sufentanil on the MEP response to transcranial electrical stimulation during partial neuromuscular block (T1%ϭ20). 8 Median amplitude was 335 µV after single pulse and 1031 mV after two pulse electrical stimulation. Our data showed a more marked decrease in median amplitude, that is 664 µV during 40% nitrous oxide and 479 µV during 60% nitrous oxide in oxygen (partial neuromuscular block T1%ϭ50). This is probably the result of addition of low-dose propofol infusion (aimed at a plasma steady state concentration of 1 µg ml -1 ) to the nitrous oxide-opioid anaesthetic regimen. Our data showed prolonged latencies, especially during 40% and 60% nitrous oxide anaesthesia. However, in clinical practice, changes in onset latency and response duration seem to be of minor importance compared with amplitude and AUC in detecting spinal cord ischaemia. Jones and colleagues recorded tcMEP in humans of approximately 100 µV and markedly longer latencies during 70% nitrous oxide and propofol (induction dose 2.5 mg kg -1 , maintenance dose 6-10 mg kg -1 h -1 ) anaesthesia. 15 They used trains of three to six transcranial pulse paradigms, but did not give neuromuscular blocking agents after an initial bolus of atracurium to facilitate intubation. As shown by decreased H and F responses, nitrous oxide probably decreases motoneurone excitability in the spinal cord. 16 The H response or reflex is a monosynaptic response 327 to mixed peripheral nerve stimulation, and a consequence of large sensory (Ia) and motor (Aα) conduction. The F response, which is not a reflex, is a low-amplitude motor response and the result of antidromic activation of a peripheral motor nerve with recurrent discharges of the motoneurones. Therefore, both responses reflect changes in motoneuronal excitability in the spinal cord. Zentner and Ebner showed that both cervical and cortical stimulation resulted in a similar reduction in MEP during nitrous oxide anaesthesia and stated that nitrous oxide exerted its effects mainly at the spinal motoneuronal and interneuronal system. 7 Furthermore, some effects of nitrous oxide may be mediated by its depressant action on cortical neurones.
We did not investigate 70% nitrous oxide anaesthesia because TAAA surgery is usually performed through the left chest with one-lung anaesthesia. Collapse of the left lung causes an increased mismatch of ventilation and perfusion which results in impairment of arterial oxygenation. After deflating the left lung, 50% nitrous oxide in oxygen is usually the maximum concentration tolerable without desaturation. During the study and surgery (fentanyl 10-15 µg kg -1 every 40-60 min), signs of inadequate anaesthesia did not occur and no patient had recall of intraoperative events. The surgeons confirmed adequate operating conditions.
The coefficients of variation of approximately 20-25% did not change significantly between the three nitrous oxide anaesthesia regimens. Apart from low amplitudes, Woodforth and colleagues, using single pulse stimulation, also demonstrated a much higher trial-by-trial variability of tcMEP amplitude with a coefficient of variation of more than 60-70%. 14 This confirms that the use of multipulse transcranial stimulation can overcome the depressive effects of anaesthesia on the excitability of motor neurones in the central nervous system. Multipulse transcranial electrical stimulation seems to excite a larger number of corticomotorneuronal axons than single or double pulse stimulation. 15 17 18 The descending corticospinal volleys summate at the corticomotoneuronal synapses and produce larger MEP. This augmentation in amplitude results from temporal and spatial facilitation. 19 20 It appears that with multipulse stimulation, variability decreases because a higher tcMEP amplitude and consequently AUC is obtained as a result of a larger proportion of motoneurones being recruited. Using amplitude or AUC as a measure of the number of motounits that are functioning and taking into account the small changes in onset latency, it seems more appropriate to use amplitude or AUC to detect changes in the number of functioning motounits.
In summary, we have shown that during a six pulse transcranial electrical stimulation paradigm, there was a reduction in tcMEP response with increasing end-tidal nitrous oxide concentration from 20% to 60%, but withinpatient variability remained unchanged. Even during 60% nitrous oxide, the tcMEP were of a magnitude adequate for early detection of spinal cord ischaemia. Larger patient groups are needed to assess if tcMEP monitoring is rapid enough to indicate signs of damage to motor pathways to guide the surgical strategy.
